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SUMMARY 
Lyophilisation is a special method of dehydration carried out through a process of sublimation. 
Particularly in the food sector, this operation is increasingly used because it always ensures the 
quality of food. This technique is widely used in fruit, high protein foods and juices. In contrast, 
the disadvantage of this method is its high cost. This leads to a major constraint: economically 
speaking, freeze-dried foods are not available to everyone. Furthermore, to carry out the 
lyophilisation process it is necessary to operate under very low temperature conditions, which is 
an additional reason why, from the energy standpoint, it is a very expensive process. 
For all these reasons, the aim of this research is the energy optimization of lyophilisation and 
the study of the possible integration of the refrigeration cycle in the lyophilisation process. This 
study consists in the following stages: 
• Bibliographical study about lyophilisation parameters. 
• Selection of refrigerant fluids to be studied. 
• Simulation with ASPEN to select the best refrigerant and the best conditions. 
The bibliographical study has permitted to establish that the lyophilisation parameters 
generally use a range between -5°C for the sublimation chamber, assuring to be below the triple 
point, and 20°C to remove the final adsorbed water. For the condensation chamber, the 
temperature fluctuates between -10°C and -50°C, assuring enough driving force for vapour 
transfer. 
The refrigerants selected through the study have been: R32, ammonia, R152A, R1270A and 
R134A, which are the most generally used satisfying environmental concerns by avoiding 
chlorinated compounds. 
After ASPEN simulations and having compared variables such as power, energy consumption 
and operation time, depending on temperature difference, it can be concluded that although these 
parameters vary depending on the refrigerant used, the greater the temperature difference, the 
more power consumption. The greater temperature difference implies the less drying time, while 
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the energy consumption, which is power multiplied by time, could present a minimum. However, 
according to the temperature differences studied, only refrigerant R152A and ammonia present a 
minimum. 
Taking into account energy considerations and operating safety, the R32 refrigerant has been 
chosen as the best one for carrying out the lyophilisation process, since this refrigerant operates 
at sublimation and condensation temperatures of -2°C (7,6 bars) and -40°C (1,8 bars), 
respectively, which are reasonable temperatures for carrying out the lyophilisation process. 
Consumption of energy is not too high, and pressures implied are appropriate from the operation 
safety point of view. 
Keywords: lyophilisation, refrigeration cycle, optimization, refrigerants, juice. 
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RESUM 
La liofilització és una tècnica especial de deshidratació mitjançant el procés de sublimació. 
Concretament en el sector alimentari, aquesta operació cada vegada és més utilitzada ja que en 
tot moment assegura la qualitat de l’aliment. Aquesta tècnica és àmpliament utilitzada en fruites, 
productes hiperproteics o sucs. Per contra, el gran desavantatge que té és el seu elevat cost. 
Aquest fet provoca que els aliments liofilitzats no estiguin a l’abast de tothom, econòmicament 
parlant. A més a més, per dur a terme la liofilització és necessari operar en condicions de 
temperatura molt baixes, un motiu addicional que encareix també el procés des del punt de vista 
energètic. 
Per aquests motius, l’objectiu d’aquesta investigació és l’optimització energètica de la 
liofilització i estudiar la possible integració del cicle de refrigeració a la liofilització. Aquest estudi 
consisteix en les següents etapes: 
• Estudi bibliogràfic sobre els paràmetres de liofilització. 
• Selecció dels fluids refrigerants a estudiar. 
• Simulació amb ASPEN per a escollir el millor refrigerant i les millors condicions. 
L’estudi bibliogràfic ha permès afirmar que els paràmetres de liofilització, generalment, 
utilitzen un rang per a la càmera de sublimació d’entre -5°C, assegurant estar per sota del punt 
triple, i 20°C per a eliminar l’aigua adsorbida final. Per a la càmera de condensació, la 
temperatura oscil·la entre -10°C i 50°C, assegurant la suficient força impulsora per a la 
transferència de vapor. 
Els refrigerants seleccionats a través d’aquest estudi han estat: R32, amoníac, R152A, 
R1270A i R134A, que són generalment els que més respecten les lleis ambientals evitant l’ús de 
compostos clorats. 
Després de les simulacions d’ASPEN i d’haver comparat variables com ara la potència, el 
consum d’energia i el temps d’operació, depenent de la diferència de temperatura, es pot 
concloure que tot i que aquest paràmetres varien en funció del refrigerant utilitzat, com més gran 
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sigui la diferència de temperatura, major consum d’energia hi haurà. La major diferència de 
temperatura implica menys temps d’assecat, i alhora, el consum energètic dels refrigerants, que 
és la potència multiplicada pel temps, podria presentar algun mínim. No obstant això, segons les 
diferències de temperatura estudiades, només el refrigerant R152A i l’amoníac presenten un 
mínim d’energia. 
Tenint en compte les consideracions d’energia i les condicions de seguretat de funcionament, 
el refrigerant R32 ha estat escollit com el millor per a dur a terme el procés de liofilització, ja que 
opera a temperatures de sublimació i condensació de -2°C (7,6 bars) i de -40°C (1,8 bars), 
respectivament, que són les temperatures raonables per a dur a terme la liofilització. El consum 
d’energia no és massa elevat, i les pressions implicades són adequades des del punt de vista de 
seguretat de l’operació. 
Paraules clau: liofilització, cicle de refrigeració, optimització, refrigerants, suc. 
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1. INTRODUCTION 
Freeze-drying of food is a special form of drying that protects the quality of food and complies 
with its regulation. Particularly in the food industry, this method is limited by its high cost. 
Therefore, it is important to optimize the lyophilisation process. One of the reasons why it is 
important to optimize the lyophilisation process is because of the high quantity of energy needed 
to reach the freeze-drying process. 
The first step in the freeze-drying process is to form the frozen matrix at a low temperature, 
which is known as freezing. The aim of this operation is to reduce the temperature below its 
freezing point by removing sensible and crystallization heat. Most foods contain a large amount 
of water, which has a high latent heat of crystallization and a high specific heat. Then, a substantial 
quantity of energy is needed to remove latent heat, form ice crystals and hence, to freeze food. 
At the industrial level, the material is frozen outside the freeze dryer. 
Once the material is frozen, ice crystals are formed. Later, these crystals are sublimed, which 
involves the direct transition from solid to gaseous state without passing through the liquid phase. 
It is necessary to use a vacuum chamber to carry the sublimation process out. This process is 
known as primary drying. The prerequisite for sublimation is that both the vapour pressure and 
the temperature should be held below that of the triple point of water (0,6 kPa and 0,01⁰C).  
The moisture that remains in the solute matrix, after completion of the primary drying process, 
must be removed by desorption. This step is known as secondary drying and it performs at higher 
temperatures than primary drying. The key factor on this step is that the temperature transition 
from primary to secondary drying should be performed gradually to avoid product collapse, which 
may occur in cases where the shelf temperature is higher than Tg (glass transition temperature) 
of the product. Like any other dehydration process, freeze-drying involves simultaneous heat and 
mass transfer. 
When the sublimated vapour leaves the freeze dryer, it should be condensed with an 
evaporating cooling fluid. It is very important to have an optimum exchange area to assure the 
condensation of the sublimated vapour as ice. 
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On the one hand, freeze-drying has many advantages, such as long preservation period, a 
very high retention of sensory characteristics and nutritional qualities, transportation and storage 
under normal temperature, minimal loss in volatile chemicals and heat-sensitive nutrient and 
fragrant components, and little contamination owing to aseptic process. On the other hand, the 
long drying times, batch nature, low temperatures, high vacuum and the resultant high operational 
cost, limit the usage of the freeze-drying technique.  
In the pharmaceutical industry, high operational cost is not an issue because of the high 
added value of their product. For example, pharmaceutical and biotechnological companies use 
this process mainly to increase the shelf life of products. On the contrary, in the food industry it is 
important to optimize the lyophilisation process given the low added value of food products. In the 
food industry, interest in commercial freeze-drying arises from the superior quality of the freeze-
dried products when compared with the dehydrated foods by other techniques.  
Nowadays, we can find a huge variety of freeze-dried foods: vegetables and fruits, dairy 
products, rice, meat, coffee, space food, juices or multivitamin products. The following are some 
quotes about freeze-drying from different articles: It was observed that nutritional value of tomato 
could be increased through different types of drying, such as freeze-drying (Ching-Hui Chang et 
al. 2005). Freeze-drying is the most common form of mango preservation because they can 
prevent the growth of microorganisms and retard many moisture-mediated deteriorative reactions 
(Jin-Hong Zhao et al. 2015). The major advantages of kefir freeze-dried culture are the avoidance 
of special requirements during storage, the avoidance of cooling facilities during dispatch of the 
product and the convenience in handling freeze-dried powders compared with frozen products 
(G. Papavasiliou et al. 2007). 
Before focusing on the subject, it is also worth mentioning that space freeze-dried food has 
had a special development because it allows nutritional and sensorial qualities to be retained, the 
extreme reduction in weight, high solubility, long shelf life at moderate temperature and the 
possibility to perform rehydration at any desired level (Elena Venir et al. 2006). Another influence 
application is the “treck’n eat” freeze-dried food for those people who join mountain races, run 
marathons and practice other long distance sports. 
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For example, applying the freeze-drying technique to orange juice presents numerous 
advantages over other juice concentration techniques. During the process, no significant loss of 
vitamin C occurs and there is a high retention of nutrients and flavourings; freeze-dried can be 
easily rehydrated before use. Compared to the original juice, freeze-dried orange juice shows no 
loss of reducing sugars and has a normal glucose-fructose ratio. Moreover, most amino acids are 
not affected by freeze-drying. The original chemical orange juice properties are kept (G.N. Kramer 
et al. 1988). 
Figure 1. Freeze-dried blackberries in UB laboratories. 
 
Energetic optimization of lyophilisation 5 
 
 
 
 
 
2.OBJECTIVES 
 
 
Energetic optimization of lyophilisation 7 
 
2. OBJECTIVES 
As it stated before, freeze-drying is more expensive than other methods of dehydration, such 
as convective drying. In addition, it is time-consuming. Because of all these reasons and the low 
temperatures, it is important to optimize the freeze-drying process and to study the possible 
integration of the refrigeration cycle within freeze-drying. This is the main objective of this work. 
To reach the primary goal of this project will be necessary to implement the studies listed 
below: 
- Bibliographical study to select the work conditions for freeze-drying process which 
permits their integration with the refrigeration cycle. 
- Bibliographical study to select the most suitable cooling fluids for the refrigeration cycle 
to be studied in detail through simulations. 
- By means of simulations with ASPEN, to optimize the refrigeration cycle with their 
integration with freeze-drying to reduce the energy requirements. 
The next three chapters will be focused on these three studies, and chapter 6 will be centered 
on extracting the main global conclusions of this work. 
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3. SELECTION OF THE LYOPHILISATION 
PARAMETERS  
In this chapter, work conditions of freeze-drying process will be selected by means of a 
bibliographical study of different processes applied to foods. Firstly, section 3.1will describe the 
process and equipment for freeze-drying, and section 3.2 will study the application to different 
food systems previously described in the bibliography that will be used for selecting the most 
adequate work conditions that will be later analysed in this project. 
 
3.1. FREEZE-DRYING PROCESS DESCRIPTION 
There are three essential components in a freeze-dryer: 
- The freeze-drying chamber 
- The condenser chamber 
- The vacuum pumping system 
The freeze-drying chamber provides a safe environment for the product and guarantees the 
necessary pressures and temperatures to satisfactorily complete each step of the lyophilisation 
process. The condenser chamber holds the function to house the condenser surfaces for the 
removal of water vapour from the gases that pass from the freeze-drying chamber. The operating 
temperature of the condenser chamber must be lower than the product temperature during the 
primary drying process (it must be 20⁰C lower than the product temperature). Finally, the vacuum 
pumping system provides the necessary pressure for conducting the freeze-drying process. 
It is worth pointing out that there are also other components as elements for supporting the 
material being lyophilized (trays, shelves or carts) and control and measurement instruments. 
Precisely, these shelves and trays are elements to be redesigned to optimize the lyophilisation 
process. 
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The freeze-drying process requires expensive equipment, in both capital investment and cost 
operation, so this is another reason why the process has a lot of room for improvement. Firstly, it 
is important to choose a type of freeze-dryer (P. Fellows, 2000): 
- Contact (or conduction) freeze-dryer: Heat is transferred by conduction so the operation 
time is higher than other designs. It is the type of freeze-dryer with the highest capacity. 
Food is placed onto trays. Commercially, it is the most used equipment. 
- Accelerated freeze-dryer: The heating is also transferred by conduction, but drying times 
are faster than contact freeze dryer because heat is transferred by the mesh. Food is 
held between two layers. 
- Radiation freeze-dryer: Infrared radiation heaters are used, so heating is more uniform 
than contact and accelerated freeze-dryers. Trays are also used at this stage of the 
process. 
- Microwave and dielectric freeze dryer. Radio frequency heaters have potential use in 
freeze drying but are not widely used on a commercial scale. They are difficult to control. 
In another way, heat can be delivered to the sublimation front by many mechanisms. The 
most commonly applied in the industry are the following two: 
- Radiation from hot surfaces: Heat is delivered by radiation and then travels through the 
dry zone to the sublimation front by conduction. 
- Contact with a hot surface: Trays containing the frozen product are placed on the 
shelves. These shelves are heated, and heat is transferred by conduction through the 
frozen layer. 
It is of the utmost importance to understand that the evaporation rate depends on the heat 
transfer rate from whatever it comes from until the sublimation front. If it is used contact with a hot 
surface, given that the thermal conductivity through the ice has low values, therefore the 
sublimation rate will be also low. For mass transfer from ice front, at the beginning, the evaporation 
rate is fast, but as it progresses over time, vapour must transfer through a fibre layer that makes 
the evaporation difficult. But instead of using contact with a hot surface, radiation from hot 
surfaces is used, the ice thickness does not influence on heat transfer rate, given that heat arrives 
directly to the ice surface, but the fibre layer formed with progress of drying makes that after heat 
must transfer by conduction through this fibre layer, which has a very low conductivity. 
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Following with the study of the parameters, it is suitable to consider the next hypotheses: 
- A maximum of 15 trays are used. 
- Each tray has a surface of 1 m2. 
The product is placed on each tray covering 3 cm thick. For this reason, each tray can have 
a maximum of 30 kg before drying. 
Considering that the process is carried out in a workday (8 hours): 1 hour is to load up the 
product into the freeze-dryer, 6 hours are required to dry the product and the last hour is to gather 
up the product. If the net work required in the compressor is too high, then it is better to switch 
the workday for 24 hours instead. 
Regarding the refrigeration cycle, the following hypotheses are assumed: 
The low pressure in the evaporator is slightly above the atmospheric pressure to prevent that 
atmospheric air can enter to the system. 
The pressure loss will be in the valve, rejecting the rubbing losses in the refrigerator and in 
the condenser. 
The energy balance in refrigeration cycle is: 
𝑄𝑟𝑒𝑓𝑟𝑖𝑔 + 𝑄𝑐𝑜𝑛𝑑 = 𝑄𝑒𝑣𝑎𝑝 + 𝑊𝑐𝑜𝑚𝑝 
Where 𝑄𝑟𝑒𝑓𝑟𝑖𝑔 + 𝑄𝑐𝑜𝑛𝑑 is the heat to be removed in a previous refrigeration and final 
condensation of the cooling fluid after compression; and 𝑄𝑒𝑣𝑎𝑝 + 𝑊𝑐𝑜𝑚𝑝 is the energy to be 
supplied to the refrigeration as heat to evaporate the cooling fluid and mechanical energy to 
compress the fluid. 
The following is an outline of the freeze-dryer trays and a representation of what occurs as 
the juice evaporates. The orange arrows represent the vapour that has been sublimated. It is 
quite clear that there are two different parts: in the upper one, the black lines represent the fibres 
that remain once evaporation takes place, creating a layer that hinders and slows down 
evaporation. The lower part represents the juice still in the solid state. The representation is 
displayed below: 
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Scheme 1: Freeze-dryer tray. 
Knowing these hypotheses, it is crucial to study the different parameters of various freeze-
dried products. But first, it is significant to know the standard parameters of the lyophilisation 
process. Generally, the evaporator temperature ranges from -10⁰C to -80⁰C and, at least, the 
temperature should be 20⁰C lower than the product temperature during the primary drying 
process. Moreover, the range pressure is between 1 and 50 Pa. 
In 2005, Ching-Hui Chang et al. established that tomatoes without any treatment were 
submitted to a freeze-drying treatment at -50⁰C and 5 Pa. Similarly, Elena Venir et al. (2006) 
noticed that, to develop a satisfying yoghurt as a space food, it had to be freeze-dried at a residual 
pressure of 20 Pa and a condensation temperature of -34⁰C. An important study of a freeze-dried 
coffee was made by Davide Fissore et al. (2013). On the one hand, if only drying time is 
considered, high values of shelf temperature and low values of chamber pressure (-5⁰C and 5 
Pa) appear to be the closest optimal operating conditions. On the other hand, if only the efficiency 
in the use of energy is considered it seems that high pressure values and low values of heating 
fluid temperature are considered: 30 Pa and -20⁰C appear to be the near optimal operating 
conditions. 
Other studies of freeze-dried food were made. For example, Vasiliki P. Oikonomopoulou et 
al. (2011) stated that rice was performed under various conditions, ranging from 4 Pa to 125 Pa 
absolute pressure. Jin-Hong Zhao et al. (2015) determined that mangoes were placed into a 
freeze-dryer with a pressure of 10 Pa, while the evaporator temperature was set at -45 ⁰C. Finally, 
in 2015, J. Barbosa et al. established that to obtain an orange powder the evaporator was cooled 
at -55⁰C. Luanda G. Marques et al. (2006) studied the freeze-drying of acerola. They stated that 
freeze-drying tests were performed with a temperature of -30°C. Similar characteristics of freeze-
drying are included in the review written by M.K. Krokida and C.Philippopoulos in 2005: Freeze-
drying was performed under constant vacuum conditions, to obtain initial sample temperatures, 
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below the glass transition temperature of the apple tissues (30°C). Other different food highly 
used in our meals, like red onion, was studied by M.R.Pérez-Gregorio et al. in 2011. They noticed 
that frozen onions were dehydrated by freeze-drying at 4,2 Pa of vacuum pressure and -70°C. 
Adela María Ceballos et al. (2012) stated that soursop fruit pulp was freeze-dried at 700 Pa in a 
freeze-dryer laboratory, designed and constructed in the National University of Colombia. 
Although the frozen process will not be involved in the Aspen simulation, it is also 
indispensable to study at what temperature the food outside the freeze-dryer is frozen, because 
it is not the same to freeze at -10⁰C than to freeze at -30⁰C: there is a high energetic difference 
and, consequently, an increase in the production costs. The aim of this project is to try to get an 
energetic optimization of lyophilisation. The following are some examples of freezing temperature 
of sublimated vapour: orange powder is frozen at -80⁰C, coffee at -50⁰C, rice is frozen at -30⁰C, 
apple is frozen at -35°C and other products as carrots (F.J. Vergeldt et al. 2013) or kefir 
(G.Papavasiliou et al. 2007), are frozen at -28⁰C and -45⁰C, respectively. 
After this bibliographical study, and relating it with the hypotheses previously made, this is the 
conclusion: 
- The sublimation temperature is between 20°C and -5°C. 
- The pressure in the freeze-drier must be the lower possible. 
- The condensation temperature of the sublimated vapour is between -10°C and -50°C. 
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4. SELECTION OF THE REFRIGERANTS TO 
ANALYSE   
In this section, the cooling fluids to be studied through simulation will be selected. 
The process diagram will be described, and there will be a discussion about the possible 
refrigerants to be used. Finally, bearing the previous points in mind, some cooling fluids will be 
chosen to run the simulation. 
Scheme 2. Process diagram. 
The equipment consists of: 
- Compressor. 
- Heat exchanger. 
- Freeze-dryer (as condenser). 
- An adiabatic valve. 
- Evaporator. 
The streams are: 
1: From compressor to heat exchanger. 
2: From heat exchanger to freeze-dryer. 
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3: From freeze-dryer to adiabatic valve. 
4: From adiabatic valve to evaporator. 
5: From evaporator to compressor. 
The flow leaves the evaporator in vapour state and circulates until it reaches the compressor, 
where the pressure is increased. Consequently, the temperature also increases and it is 
necessary to refrigerate it. Once the refrigeration is completed, the flow goes in the freeze-dryer 
to sublimate the frozen food. Then, on the top, the sublimated vapour leaves the freeze-dyer, 
while the flow continues circulating until it reaches the evaporator; before, the pressure has been 
reduced by an adiabatic valve. In the evaporator, the evaporating cooling fluid condensates the 
sublimated vapour and the whole process recommences. 
Focusing on the freeze-dryer (refrigerant fluid condenser) output temperature, it is better if it 
is low rather than high. It does not matter if the temperature is really low, this means that there is 
less quantity of liquid to evaporate, so that it has less energy waste. However, if the temperature 
was too high, the fluid would have to be more cooled because the refrigerant should become a 
subcooled liquid. Finally, if the cooling fluid passes through the freeze-dryer (condenser) and it is 
still at the condensing temperature there would be a possibility that there was an L/G mixture, and 
the fluid it is only useful in a liquid state. 
Years ago, the most used cooling fluids were the CFC and HCFC, generally known as 
halogenated refrigerants and particularly named chlorofluorocarbons or 
hydrochlorofluorocarbons. Both of them have extraordinary thermodynamic and thermo-physical 
properties, which permitted to dominate the refrigeration and air conditioning industries. However, 
halogenated refrigerants contributed to ozone depletion in the upper atmosphere. M. Mohanraj et 
al. (2007) stated that green house gas (GHG) emissions from fossil fuel combustion for power 
generation and emission of halogenated refrigerants from vapor compression based refrigeration, 
air conditioning and heat pump systems contribute significantly to the global warming. 
Due to the Montreal Protocol (1987), an international treaty designed to protect the ozone 
layer by removing the cooling fluid and production of large substances that are responsible to 
ozone depletion, it was necessary to look for an alternative to halogenated refrigerants. The same 
review mentions that countries like India were required to phase out all the chlorofluorocarbons 
(CFCs) by 2010 and all hydrochlorofluorocarbons (HCFCs) by 2040. In the same way, K. Harby 
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(2017) stated that CFC was phased out in developed countries by 1996 and HCFC is planned to 
be phased out totally by the end of 2030. 
Halogenating hydrocarbons allows us to have all ranges of pressures, but since this 
procedure was prohibited, three alternatives were found: hydrocarbons (HC), hydrofluorocarbons 
(HFC) and their mixtures, which seems to be the promising long-term alternatives. HC and HFC 
are refrigerants with zero ODP (Ozone Depletion Potential) and medium-low GWP (Global 
Warming Potential). Nevertheless, hydrocarbons have flammability issues, which restrict the 
usage in existing systems. 
The main difference between HFC and HC is that HFC shows a serious greenhouse effect 
(medium GWP values), while HC hazes zero GWP. K. Harby (2017) says that hydrocarbons have 
excellent thermodynamic properties together with suitable physical and chemical properties, 
which are particularly energy-efficient. They provide reasonable energy savings with good system 
performances and thus can be used as long period alternatives for refrigerators and air-
conditioning refrigerants. 
Finally, another refrigerant widely used in the industry is ammonia. Its extremely high latent 
heat and its capacity to provide more refrigerating effect per unit mass flow than any other 
refrigerant used in traditional vapour compression systems make ammonia a very attractive 
refrigerant. A. Pearson (2007) stated that ammonia is both flammable and toxic, but despite the 
hazards implicit in its use as a refrigerant, over 100 years of experience and refinement in the 
industrial refrigeration field has produced a clear understanding of what it needs to be done to 
avoid accidents. In general, if the requirements of the existing safety codes are followed, ammonia 
systems are very efficient, reliable and safe. This makes them more attractive for large industrial 
refrigeration systems than fluorocarbon alternatives, which installation and operation costs are 
likely to be higher. 
Some comparisons between these refrigerants have been made. For example, Doring et al. 
(1997) experimented with R507 (binary mixture of composed of R125/R143a in equal proportion 
by weight), in industrial refrigeration, as an alternative to R502 in a low temperature freezer. The 
discharge temperature was found to be approximately 8K below and COP was 4-5% higher than 
that of R507. The refrigeration capacities of R507 are 5-6% higher than the capacities of R502. 
Another study of a mixture was made by Xuan and Chen in 2005: they both experimented with 
ternary mixture R161/R125/R143a (10:45:45 percentage by weight). It has been reported that 
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physical properties of R161 mixture are similar to R502 and environmental properties of R161 
mixture are lesser than R502 and R404a. The COP of R161 mixture and R404a are equal at low 
evaporator temperatures and its discharge temperature is slightly higher than R404a. The COP 
of the mixture was greater than R404a at higher evaporator temperatures and its discharge 
temperature was found to be lower. Urchueguia et al. (2004) investigated experimentally the 
performance of a commercial type of refrigeration unit with a nominal capacity of 20 kW when the 
system charged with R290 instead of R22. A scroll and reciprocating compressors were used in 
the experiments. Their results showed that for both compressor types charged with R290, the 
COP increased by 1-3% and the capacity decreased by 13-20%. Following with the refrigeration 
systems, Lee and Su (2002) studied experimentally the performance of a domestic refrigeration 
system with R600a as an alternative to R12 and R22. In addition, the power consumption was 
between 230W and 300W and the refrigerant mass was 150g and the COP was between 1,2 and 
4,5. Referring to ammonia, Tychsen (2003) studied that apart from the efficiency improvement, 
there is also a significant improvement in heat transfer both in the evaporator and the condenser 
(Hrnjak and Park, 2007). 
The ideal refrigerant would be the one that approximately condensates at 4 bar and 10°C and 
evaporates at atmospheric pressure and at a temperature of -10°C. The goal is to select the most 
suitable cooling fluid, trying to have the minimum temperature difference and the minimum 
pressure difference. 
The cooling fluids chosen to run the simulation are: R32, ammonia, R152a, R134a and 
R1270. R32 (or difluoromethane) has been chosen because it is a refrigerant that has zero ODP. 
Ammonia has been chosen because, as stated before, it is widely used in the industry due to its 
refrigerating capacity. R152a and R134a are similar: both are ethane with hydrogen partially 
substituted by fluoride. R152a and R134a are two of the best monocompound HFC substances, 
and the same happens with R32. R1270 (or propylene) is one of the most frequently investigated 
refrigerant because it has 0 ODP and low (1,8) GWP (100 a year). 
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5.  STUDY OF THE LYOPHILISATION PROCESS 
THROUGH ASPEN SIMULATION 
Firstly, this chapter will analyse the energy integration of the sublimation process. Then, a 
selection of the optimum refrigerant will be studied. Finally, the chapter will end with the selection 
of the operating conditions of the refrigeration cycle. 
5.1. ENERGY INTEGRATION OF THE SUBLIMATION PROCESS 
During the process of lyophilisation, heat must be provided to sublimate the ice and heat must 
be withdrawn to condense the vapour of the sublimated water. On the other hand, since this 
process is carried out at low temperature, it is necessary to use a refrigeration cycle with a 
refrigerant that is compressed and condensed so then it can be expanded and evaporated. 
In this refrigeration cycle, heat must be extracted to condense the refrigerant and it also must 
be supplied to evaporate the refrigerant. Therefore, it is possible to integrate the two processes, 
so that the condensation heat of the refrigerant is supplied to the product to be sublimated. As 
long as the heat of the sublimed vapour condenser is supplied to the refrigerant to evaporate. 
For this reason, this relationship is done: 
𝑇𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛𝑅𝐸𝐹𝑅𝐼𝐺𝐸𝑅𝐴𝑁𝑇 ≡ 𝑇𝑆𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛𝐶𝑂𝑁𝐷𝐸𝑁𝑆𝐸𝑅  
𝑇𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛𝑅𝐸𝐹𝑅𝐼𝐺𝐸𝑅𝐴𝑁𝑇 ≡ 𝑇𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛𝐸𝑉𝐴𝑃𝑂𝑅𝐴𝑇𝑂𝑅  
The temperature difference for the refrigerant will be the useful parameter to estimate the 
operation conditions. 
This possibility of integration is outlined in the following scheme: 
 
 
 
26 Larumbe Gonfaus, Marc 
Scheme 3. Refrigeration cycle process. 
Scheme 4. Freeze-dryer (condenser). 
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5.2. SELECTING THE OPTIMUM REFRIGERANT 
Once the process of freeze-drying is known and what possible refrigerants could be used for 
it, this section will present, through the ASPEN process simulator, what refrigerant is better suited 
to the conditions that work best. 
Before discussing the results obtained, a more concrete theoretical explanation of how 
calculations or hypothesis are made is required. 
The process used to carry out the lyophilisation has been to run the simulation for a same 
sublimation temperature and the same cooling fluid, changing the condensation temperature. For 
example, for a sublimation temperature of -5 °C, the following condensation temperatures have 
been used: -10ºC, -15ºC, -20ºC, -25ºC, -30ºC, -40ºC and -50ºC. 
To find out what is the best simulation for the project, another hypothesis has been developed: 
Knowing that: 𝑇𝑖𝑚𝑒 1/∝ 𝐷𝑟𝑖𝑣𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒 
Then the objective is to find out the sublimation temperature. Such driving force is the 
difference between the sublimation temperature and the condensation temperature, the following 
formula shows the result of this relationship: 
1
(𝑇𝑠𝑢𝑏 − 𝑇𝑐𝑜𝑛𝑑)
∝ 𝑡 
 
To express the above formula more clearly, we will assume a constant (K) that allows us to 
compare the times of the different refrigerants in different conditions: 
𝐾 ·
1
(𝑇𝑠𝑢𝑏 − 𝑇𝑐𝑜𝑛𝑑)
= 𝑡 
 
To know the value of K, an assumption was made: In the UB laboratories a freeze-drying 
experiment lasts 24 hours, and the sublimation temperature and the condensation temperature 
are -2 °C and -50 °C respectively. 
𝐾 ·
1
(−2 − (−50))
= 24 
Isolating K, the result is: 
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𝐾 = 1152 
ℎ
°𝐶
 
This assumption cannot be assumed globally as truthful, that is, the times we obtain for each 
difference in temperature and refrigerant do not need to be the same at the industrial level, but it 
will be useful to compare between the performed simulations because all of them have been 
carried out under the same conditions. 
Once the time is calculated, the work can be also calculated by a simple multiplication of time 
by power: 
Ẇ · 𝑡 = 𝑊 
To achieve this hypothesis, the refrigerator does not exchange heat because it is only 
necessary to obtain the power used in the compressor. The heat exchanged in the refrigerator 
will be 0. It does not mean that the refrigerator is not necessary, because in a hypothetical 
lyophilisation in the industry, the refrigerator will be used. In these simulations, it does not matter 
if the refrigerator is working or not. Furthermore, another explanation should be done: 
Remembering this equation: 
𝑄𝑟𝑒𝑓𝑟𝑖𝑔 + 𝑄𝑐𝑜𝑛𝑑 ≊ 𝑄𝑒𝑣𝑎𝑝 + 𝑊𝑐𝑜𝑚𝑝 
It does not matter if Qrefrig is equal to 0. Both the condenser and the refrigerator are used to 
decrease the temperature of the fluid coming from the compressor, therefore the sum of the 
removed heat from both equipments will be the same as if only the condenser operated by itself.  
The following will be an evaluation of the results obtained from the charts of driving force 
(difference in temperatures) vs. power, depending on what refrigerant has been used. 
Knowing that: 1 is for difluoromethane, 2 for ammonia, 3 and 4 for R152A and R1270A 
respectively, and finally, 5 is for R134A. 
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Chart 1. Power consumed by the refrigerants. Tsub= -5°C. 
Chart 2. Power consumed by the refrigerants. Tsub= -5°C 
Only a selection of two charts appear. To be more representative, those having the lowest 
and highest sublimation temperature have been chosen. The remaining charts can be found in 
the first appendix. 
In general terms and without differentiating types of refrigerants, the trend, is logically that at 
a lower temperature difference (Tsub-Tcond), the power required in the compressor to carry out the 
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lyophilisation process is lower. Consequently, the greater the temperature difference, the higher 
the power. Therefore, it can be established that the smaller the driving force, the smaller the power 
consumed in the compressor. 
Generally, the temperature in the evaporator (condensation temperature) will be such low to 
facilitate simultaneous heat and mass transfer. The higher is the difference between the 
temperatures in the condenser (as a freeze-drier) and in the evaporator, the higher is the driving 
force. It is imperative to have sufficient driving force in order to carry the evaporation out. As 
previously said about temperatures, the difference between the equilibrium pressure and the 
condenser pressure must be high to have enough driving force for mass transfer. 
As shown in the charts, at first glance it is difficult to choose which refrigerant is the ideal one 
and which temperature step is the right one to operate, since all cases satisfy what the previous 
paragraph states. 
When focusing on the refrigerants, the ammonia is the refrigerant that needs the most power 
to carry out the freeze-drying process. Conversely, the R1270A is the refrigerant that consumes 
the least amount of power. The power consumption, in descending order: 
Ammonia<R152A<R134A<CH2F2<R1270A. An explanation of this event is focused on the P-V-T 
(pressure, volume, temperature) behaviour (interactions among molecules) because it entails to 
condensate and evaporate at different temperatures. 
Another possible explanation is that the base method used for estimating properties of the 
simulations has been the PENG-ROB method. It was chosen without any criterion, and being an 
optimization project a selection of the best methods should be done to check which one of the 
estimation methods worked best and if the order of the refrigerants was the same. 
Some other charts will be displayed for a better understanding of the stated before hereunder. 
Some charts will show how sublimation temperature affects the power, and others will show how 
the cooling fluid chosen affects the power. 
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Initially, it looks like ammonia does not fulfil the requisites to be the most suitable refrigerant. 
It is the refrigerant that needs the most power to carry out the freeze-drying process. This is a 
disadvantage because it makes the process more expensive. The more the power required, the 
more expensive is the process. 
Chart 3. Ammonia power consumption. 
Admittedly, the greater the sublimation temperature, the higher the temperature difference 
and consequently, the higher the power required in the compressor. 
Although ammonia is one of the most used cooling fluids in the chemical industry, the high 
consumption of power makes difficult its choice as it is the most suitable refrigerant to optimize 
the freeze-drying process.  
Secondly, R152A and R134A refrigerants have a similar behaviour. But, before focusing on 
that charts, 1,1-difluoroethane and 1,1,1,2-tetrafluoroethane are both ethanes with fluoro groups 
and could be a reason why they have an analogous behaviour. As shown in chart 4 and 5, these 
two refrigerants have also a high-power consumption which is a disadvantage. Moreover, as 
displayed in the simulation tables of the second appendix, both cooling fluids do not fulfil the ideal 
parameters of pressure stated in chapter 3. Since it is necessary to work below the triple point of 
water, trying to operate in the evaporator always close to the atmospheric pressure, as displayed 
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in the simulations attached in Appendix 2 and ensuring a minimum driving force, refrigerants 
R152A and R134A do not meet these requirements. 
Its similar behaviour is shown in the following charts 
Chart 4. R152A power consumption. 
Chart 5. R134A power consumption. 
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As the graphs show, the values of power acquired are almost equal. Furthermore, the 
behaviour of each of them at the different sublimation temperatures is practically identical. 
There are no significant differences. 
Continuing the discussion, propylene is the refrigerant that consumes the least amount of 
power and consequently the operating time is higher than the others. In addition, R1270A has a 
double bond, which is a disadvantage because it could not be enough stable to be used 
continuously in the refrigeration cycle. 
 
Chart 6. R1270A power consumption. 
Comparing it with the other charts, R1270A is clearly the cooling fluid that consumes the least 
amount of power. While the other refrigerants have a maximum power value higher than 45 Kw, 
the maximum power value of propylene is lower than 40 Kw. 
The operating time also plays a key role: the shorter the operating time, the better. For this 
reason, propylene could not be selected as the ideal refrigerant, because although its power 
consumption is the lowest, its operating time is so high that it would not be optimal to work under 
such conditions. 
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Finally, CH2F2 does not require a large amount of power to carry out the lyophilisation process. 
Besides, it also contains fluoride, which has great refrigerant capacity. For this reason, from the 
energy standpoint, the difluoromethane seems to be the most stable refrigerant. 
 
Chart 7. How the type of refrigerant affects the power. Tsub= 1°C. 
This chart shows how the type of refrigerant affects the power. It can clearly be seen the 
descending order of power consumption. It is also true, that R32 has a similar power consumption 
with R152A and R134A, but the main difference is that the first one is methane, while the other 
two are ethanes. 
As this is a project that works on optimizing the refrigeration cycle, it is obviously interesting 
to consume as little power as possible, since this means less energy expenditure. There should 
be an attempt of consuming the least power possible, but always ensuring that the driving force 
is powerful enough to carry out the process of lyophilisation. For this reason, working at a very  
low power is not acceptable, as doing so can have a negative impact on the driving force because 
it can get so low that the operating time to carry out the lyophilisation process would be too long. 
Focusing on the operating time, the project shows that as opposite as it happens with the 
power, the greater the driving force, the shorter the operating time. This is logical, considering 
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that the system will operate faster if it has more power. At the industrial level, the operating time 
is also very relevant. This variable is essential for the optimum development of the industry at 
economic level: the industry would not have any kind of benefit running at such large operating 
times, since the production of the freeze-dried would take too long. On the other hand, if the time 
of operation is too fast, it would mean greater obtaining of the freeze-dried product, although 
consequently this would also mean a very high energy waste. 
It would be convenient to see what difference in temperature and what refrigerant meet these 
requirements best. To be able to compare these two magnitudes, there is the work factor. By 
multiplying time by power, the result is the work. All the results obtained regarding work, must be 
carefully analysed, taking the driving force into account at all times. 
Generally, the greater the driving force, the higher the work obtained. This is a logical 
reasoning because a higher power is necessary to reach the driving force desired. This factor is 
also useful to choose the most suitable cooling fluid. 
The work (energy) is also an appropriate parameter to reach the goal, which is choosing the 
most suitable cooling fluid. Following the hypotheses and the results of the charts, the attention 
will be focused on the charts with sublimation temperatures under 0°C: 
Chart 8. How the type of refrigerant affects the energy. Tsub= -5°C. 
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Looking at the graphs, generally, the less temperature difference, the lesser the work required 
by the compressor. Accordingly, it would be more efficient. According to the second principle of 
the thermodynamics, the less temperature difference, the smaller amount of energy is spent. 
The general trend is similar to that of power, but there are some differences to highlight. The 
first one, is the order from highest to lowest, in terms of the work done by the compressor, which 
is the same as that of the power. However, the last value of the R1270A stands out over the other 
refrigerants, except for ammonia. But the difference that stands out the most are the three 
minimum points in the curves for the ammonia refrigerant and R152A refrigerant. 
Chart 9. How the type of refrigerant affects the power. Tsub= 1°C. 
On this chart there is a low point, and in this case it is the R152A. In addition, the energy 
consumed for CH2F2 and R134A is practically identical. 
The characteristics of ammonia and 1,1-difluoroethane will be featured below to emphasize 
the minimum point on the curve: 
 
 
 
 
400
500
600
700
800
900
1000
1100
1200
1300
0 10 20 30 40 50 60
En
er
gy
 (
kW
h
)
Temperature Difference (°C)
Energy vs. Temperature Difference - Tsub= -2°C
CH2F2
Ammonia
R152A
R1270A
R134A
Energetic optimization of lyophilisation 37 
 
 
Chart 10. How ammonia affects the energy. 
Chart 11. How R152A affects the energy. 
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In these charts, the minimum points are clearly shown, and these situations mean that 
regarding energy, there is a minimum temperature for these refrigerants: ammonia and R152A. 
Hence, for ammonia cooling fluid, at a sublimation temperature of -5°C the minimum 
condensation temperature is -15°C, and for R152A refrigerant, at a sublimation temperature of -
5ºC and -2°C, the minimum condensation temperatures are -20°C and -15°C, respectively. 
The lowest point means that there is a minimum of energy depending on the temperature 
increase, and this temperature increases for which the minimum appears is optimal. That does 
not mean that it is convenient to choose that temperature increase, since it could entail too much 
time spent. If the time for the optimum temperature increase is reasonable, then that temperature 
increase should be chosen, since less energy would be expended. 
Nonetheless, to optimize the process focusing only on energy is not correct, since it is also 
important to bear time in mind. Even so, the importance of the possible lowest temperature 
difference is higher than the estimated time. 
5.3. SELECTION OF THE OPERATING CONDITIONS OF THE 
REFRIGERATION CYCLE 
An explanation of why the temperature difference plays a more important role than the time 
is that it has been supposed lineal behaviour for the time. This is just true when there is free 
ice. In addition, the drying speed is divided in two areas: a constant drying rate and a variable 
drying rate. 
The following demonstrates that the assumed hypothesis is logical, although it does not fit the 
reality, since it would only be valid during the period of constant speed. 
The drying equation is: 
𝑚𝑠 ·
𝑑𝑥
𝑑𝜃 · 𝐴
=
ℎ
𝜆
· (𝑇𝑠𝑢𝑏 − 𝑇𝑐𝑜𝑛𝑑) 
 
Then, isolating θ: 
𝜃 =
(𝑋1 − 𝑋2) · 𝑚𝑠
𝐴 ·
ℎ
𝜆 · (𝑇𝑠𝑢𝑏 − 𝑇𝑐𝑜𝑛𝑑)
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And assuming, 
 
𝐾 =
(𝑋1 − 𝑋2) · 𝑚𝑠
𝐴 ·
ℎ
𝜆
 
The above assumed equation is reached: 
𝐾 ·
1
(𝑇𝑠𝑢𝑏 − 𝑇𝑐𝑜𝑛𝑑)
𝛼 𝑡 
 
5.3.1. How does sublimation temperature affect the process? 
The main difference in all the charts above is the sublimation temperature used, since in each 
simulation the condensation temperatures are the same. Logically, the greater the sublimation 
temperature, compared to the same condensation temperature, the higher the power used. 
Although ideally the optimum would be to work at temperatures near 0ºC or even slightly above 
it, this represents an increase of the pressure in the freeze-drier (see appendix 2). For this reason 
and as it has been argued before, in the vast majority of lyophilisation processes, the temperature 
in the freeze-drier is slightly below 0ºC. This does not mean that some of these refrigerants, due 
to their physicochemical properties, cannot operate in these supposed ideal conditions. 
Therefore, those sublimation temperatures having low or moderate pressures will be chosen. 
Following this trend, the ideal pressure in the evaporator is the atmospheric pressure or very 
close to it, without working below atmospheric pressure as it would have a detrimental effect on 
the system. In the same way as in temperature, a minimum pressure difference or a minimum 
driving force must be respected (as a reminder, pressure and temperature are proportional: the 
higher the temperature, the higher the pressure, and therefore, exactly the same happens with 
the driving force). Consequently, with these pressure conditions, the range of possibilities become 
increasingly smaller. 
Knowing that the prerequisites for sublimation is that the vapour pressure and the temperature 
should both be held below that of the triple point of water (0,6 kPa and 0,01⁰C), then the juice 
hast to be kept in the trays in a solid state, so the water is solidified. While the juice is being 
evaporated, the sugar concentration increases, the freezing point decreases and it could melt. To 
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be precise, the sugar concentration causes a lower freezing point (cryoscopic drop). However, as 
it evaporates it can defrost. This phenomenon would not happen when talking about the pulp. The 
orange pulp would maintain its structure due to its fibres, but it would be more porous because of 
the liquid removal. This depends on the selected juice, its sugar concentration and, generally, all 
its properties. For this reason, the sublimation temperature has to be the maximum possible to 
keep the juice in a solid state. 
Agreeing with these premises, the following two charts are the most important to choose the 
most suitable sublimation temperature and condensation temperature: 
Chart 12. How the type of refrigerant affects the power. Tsub=-5°C. 
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Chart 13. How the type of refrigerant affects the power. Tsub=-2°C. 
As for temperatures, the ideal sublimation temperature should be either -5°C or -2°C, while 
the condensation temperature should be -40°C. With these values, a minimum driving force would 
be respected to carry out the whole process, and its power and energy consumption would not 
be one of the highest. At the same time, its operating time would be fast enough so that, 
supposedly, it could function at an industrial level. 
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6.CONCLUSIONS 
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6. CONCLUSIONS 
The present project shows the results of an optimization study of the lyophilisation process, 
that allows to improve the simulation performance. 
– After an explanation of the process of lyophilisation, a research on hypotheses and an 
extensive bibliographical study on the different freeze-dried products, which operated 
at different temperatures and pressures, the following temperature ranges have been 
selected for the sublimation of juice and its subsequent condensation. On the one hand, 
the sublimation temperature values are; -5°C, -2°C, 1°C, 5°C and 10°C, while on the 
other hand, the condensation temperature values are: -10°C, -15°C, -20°C, -25°C, -
30°C, -40°C and -50°C. In addition, the research has proved the pressure of the main 
equipment during the process: the condenser and the evaporator. The condenser will 
operate at the lowest possible pressure, while the evaporator will do so at near 
atmospheric pressures. 
– Considering environmental and safety aspects, and after a deep bibliographical 
research, the following refrigerants have been chosen to carry out the optimization of 
the lyophilisation process: R32, ammonia, R152A, R1270A and R134A. 
– From the study conducted by simulation and considering aspects of stability, energy 
expenditure and operating time, among all the possible refrigerants, the 
difluoromethane (R32) is chosen as the best refrigerant. 
– Taking into consideration aspects of operating time, energy expenditure and safety 
conditions, from the completed bibliographical study, and knowing that the optimal 
refrigerant is the R32, the following temperature differences, and consequently their 
pressures, are selected as optimal parameters: sublimation temperature -2°C (7,6 bars) 
and condensation temperature of-40°C (1,8 bars). 
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ACRONYMS 
Tg: Glass transition Temperature, 
Qrefrig: Refrigerator work, kW. 
Qcond: Condenser work, kW. 
Qevap: Evaporator work, kW. 
Qcomp: Compressor work, kW. 
L/G mixture: Liquid/Gas mixture. 
CFC: Chlorofluorocarbons. 
HCFC: Hydrochlorofluorocarbons. 
GHG: Green House Gas. 
HC: Hydrocarbons. 
HFC: Hydrofluorocarbons. 
ODP: Ozone Depletion Potential. 
GWP: Global Warming Potential. 
R507: Binary mixture of pentafluoroethane and 1,1,1-trifluoroethane. 
R125: Pentafluoroethane. 
R143a: 1,1,1-trifluoroethane. 
R502: Binary mixture of chlorodifluoromethane and chloropentafluoroethane. 
COP: Coefficient of Performance. 
R161: Ethylfluoride. 
R404a: Ternary mixture of pentafluoroethane, 1,1,1,2-tetrafluoroethane and and 1,1,1-
trifluoroethane. 
R290: Propane. 
R22: Chlorodifluoromethane. 
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R12: Dichlorodifluoromethane. 
R32: Difluoromethane. 
R152A: 1,1-difluoroethane. 
R134A: 1,1,1,2-tetrafluoroethane. 
R1270: Propylene. 
Tsub: Sublimation Temperature (°C) 
Tcond: Condensation Temperature (°C). 
Ẇ: Power (kW). 
t: Time. 
W: Work (kWh). 
λ= Latent heat of water (kJ/mol). 
w: quantity in kg of evaporated water. 
Θ: Total time used for lyophilisation (h). 
Ǭ: Flow rate of average heat to evaporate, kW. 
WR= Refrigeration Flow (kmol/h). 
Qpunta= Maximum flow rate heat speed, kW. 
ms: Solid mass (kg). 
X: kg H2O/kg dry solid. 
H: Coefficient of heat transfer by convection (W/m2 ·°C). 
A: Surface (m2). 
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APPENDIX 1: CHARACTERISTICS OF THE 
REFRIGERANTS AND OTHER PARAMETERS. 
The next set of charts and tables represent some properties of the refrigerants used during 
the process: 
Chart 15. CH2F2 vapour pressure. 
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Chart 16. Ammonia vapour pressure. 
Chart 17. R1270A vapour pressure. 
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Chart 18. R152A vapour pressure. 
 
Chart 19. R134A vapour pressure. 
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Table 1. Power, energy and time for each refrigerant. Tsub= -5°C. 
 
Refrigerant Tsub (°C) Tcond (°C) Power (kW) Time (h) Energy (kWh)
CH2F2 -5 -10 2,8 230,4 645,1
Ammonia -5 -10 4,1 230,4 944,6
R152A -5 -10 4,1 230,4 944,6
R1270A -5 -10 2,6 230,4 599
R134A -5 -10 3,3 230,4 760,3
CH2F2 -5 -15 6 115,2 691,2
Ammonia -5 -15 8,1 115,2 933,1
R152A -5 -15 7,5 115,2 864
R1270A -5 -15 5,5 115,2 633,6
R134A -5 -15 6,9 115,2 794,9
CH2F2 -5 -20 9,4 76,8 721,9
Ammonia -5 -20 12,4 76,8 952,3
R152A -5 -20 11 76,8 844,8
R1270A -5 -20 8,4 76,8 645,1
R134A -5 -20 10,6 76,8 814,1
CH2F2 -5 -25 13 57,6 748,8
Ammonia -5 -25 16,9 57,6 973,4
R152A -5 -25 15 57,6 864
R1270A -5 -25 11,5 57,6 662,4
R134A -5 -25 14,5 57,6 835,2
CH2F2 -5 -30 16,8 46,1 774,5
Ammonia -5 -30 21,9 46,1 1009,6
R152A -5 -30 19,2 46,1 885,1
R1270A -5 -30 14,8 46,1 682,3
R134A -5 -30 18,6 46,1 829,1
CH2F2 -5 -40 25,2 32,9 829,1
Ammonia -5 -40 32,9 32,9 1082,4
R152A -5 -40 28,1 32,9 924,5
R1270A -5 -40 21,7 32,9 713,9
R134A -5 -40 27,3 32,9 898,2
CH2F2 -5 -50 34,8 25,6 890,9
Ammonia -5 -50 45,8 25,6 1172,5
R152A -5 -50 38 25,6 972,8
R1270A -5 -50 29,4 25,6 752,6
R134A -5 -50 36,7 25,6 939,5
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Table 2. Power, energy and time for each refrigerant. Tsub= -2°C. 
Refrigerant Tsub (°C) Tcond (°C) Power (kW) Time (h) Energy (kWh)
CH2F2 -2 -10 5,5 144 792
Ammonia -2 -10 6,3 144 907,2
R152A -2 -10 6 144 864
R1270A -2 -10 4,3 144 619,2
R134A -2 -10 5,4 144 777,6
CH2F2 -2 -15 9,1 88,6 806,3
Ammonia -2 -15 10,4 88,6 921,4
R152A -2 -15 9,6 88,6 850,6
R1270A -2 -15 7,1 88,6 629,1
R134A -2 -15 9,1 88,6 806,3
CH2F2 -2 -20 12,9 64 825,6
Ammonia -2 -20 14,7 64 940,8
R152A -2 -20 13,5 64 864
R1270A -2 -20 10,1 64 646,4
R134A -2 -20 12,8 64 819,2
CH2F2 -2 -25 16,8 50,1 841,7
Ammonia -2 -25 19,4 50,1 971,9
R152A -2 -25 17,5 50,1 876,8
R1270A -2 -25 13,2 50,1 661,3
R134A -2 -25 16,7 50,1 836,7
CH2F2 -2 -30 20,9 41,1 859
Ammonia -2 -30 24,4 41,1 1002,8
R152A -2 -30 21,7 41,1 891,9
R1270A -2 -30 16,5 41,1 678,2
R134A -2 -30 20,8 41,1 854,9
CH2F2 -2 -40 29,5 30,3 893,9
Ammonia -2 -40 35,7 30,3 1081,7
R152A -2 -40 30,7 30,3 930,2
R1270A -2 -40 23,5 30,3 712,1
R134A -2 -40 29,5 30,3 893,9
CH2F2 -2 -50 39,1 24 938,4
Ammonia -2 -50 48,8 24 1171,2
R152A -2 -50 40,7 24 976,8
R1270A -2 -50 31,2 24 748,8
R134A -2 -50 39 24 936
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Table 3. Power, energy and time for each refrigerant. Tsub= 1°C. 
Refrigerant Tsub (°C) Tcond (°C) Power (kW) Time (h) Energy (kWh)
CH2F2 1 -10 6,4 104,7 670,1
Ammonia 1 -10 8,6 104,7 900,4
R152A 1 -10 8,1 104,7 848,1
R1270A 1 -10 5,9 104,7 617,7
R134A 1 -10 7,6 104,7 795,7
CH2F2 1 -15 9,6 72 691,2
Ammonia 1 -15 12,7 72 914,4
R152A 1 -15 11,9 72 856,8
R1270A 1 -15 8,7 72 626,4
R134A 1 -15 11,2 72 806,4
CH2F2 1 -20 13,1 54,9 719,2
Ammonia 1 -20 17,2 54,9 944,3
R152A 1 -20 15,7 54,9 861,9
R1270A 1 -20 11,7 54,9 642,3
R134A 1 -20 14,9 54,9 818
CH2F2 1 -25 16,8 44,3 744,2
Ammonia 1 -25 22 44,3 974,6
R152A 1 -25 19,7 44,3 872,7
R1270A 1 -25 14,9 44,3 660,1
R134A 1 -25 18,9 44,3 837,3
CH2F2 1 -30 20,7 37,2 770
Ammonia 1 -30 27,1 37,2 1008,1
R152A 1 -30 24 37,2 892,8
R1270A 1 -30 18,1 37,2 673,3
R134A 1 -30 23 37,2 855,6
CH2F2 1 -40 29,4 28,1 826,1
Ammonia 1 -40 38,5 28,1 1081,9
R152A 1 -40 33 28,1 927,3
R1270A 1 -40 25,1 28,1 705,3
R134A 1 -40 31,7 28,1 890,8
CH2F2 1 -50 39,2 22,6 885,9
Ammonia 1 -50 52 22,6 1175,2
R152A 1 -50 43,1 22,6 974,1
R1270A 1 -50 32,9 22,6 743,5
R134A 1 -50 41,2 22,6 931,1
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Table 4. Power, energy and time for each refrigerant. Tsub= 5°C. 
Refrigerant Tsub (°C) Tcond (°C) Power (kW) Time (h)  Energy (kWh)
CH2F2 5 -10 8,7 76,8 668,2
Ammonia 5 -10 11,6 76,8 890,9
R152A 5 -10 10,6 76,8 814,1
R1270A 5 -10 7,9 76,8 606,7
R134A 5 -10 10,1 76,8 775,7
CH2F2 5 -15 12 57,6 691,2
Ammonia 5 -15 15,8 57,6 910,1
R152A 5 -15 14,3 57,6 823,7
R1270A 5 -15 10,8 57,6 622,1
R134A 5 -15 13,7 57,6 789,1
CH2F2 5 -20 15,5 46,1 714,6
Ammonia 5 -20 20,4 46,1 940,4
R152A 5 -20 18,2 46,1 839
R1270A 5 -20 13,8 46,1 636,2
R134A 5 -20 17,5 46,1 806,8
CH2F2 5 -25 19,3 38,4 741,1
Ammonia 5 -25 25,3 38,4 971,5
R152A 5 -25 22,3 38,4 856,3
R1270A 5 -25 17 38,4 652,8
R134A 5 -25 21,5 38,4 825,6
CH2F2 5 -30 23,3 32,9 766,6
Ammonia 5 -30 30,5 32,9 1003,5
R152A 5 -30 26,5 32,9 871,9
R1270A 5 -30 20,3 32,9 667,9
R134A 5 -30 25,6 32,9 842,2
CH2F2 5 -40 32,1 25,6 821,8
Ammonia 5 -40 42,3 25,6 1082,9
R152A 5 -40 35,7 25,6 913,9
R1270A 5 -40 27,4 25,6 701,4
R134A 5 -40 34,3 25,6 878,1
CH2F2 5 -50 42,2 20,9 882
Ammonia 5 -50 56,1 20,9 1172,5
R152A 5 -50 45,9 20,9 959,3
R1270A 5 -50 35,2 20,9 735,7
R134A 5 -50 44 20,9 919,6
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Table 5. Power, energy and time for each refrigerant. Tsub= 10°C. 
Refrigerant Tsub (°C) Tcond (°C) Power (kW) Time (h) Energy (kWh)
CH2F2 10 -10 11,5 57,6 662,4
Ammonia 10 -10 15,3 57,6 881,3
R152A 10 -10 13,9 57,6 800,6
R1270A 10 -10 10,4 57,6 599
R134A 10 -10 13,2 57,6 760,3
CH2F2 10 -15 14,9 46,1 686,9
Ammonia 10 -15 19,7 46,1 908,2
R152A 10 -15 17,7 46,1 816
R1270A 10 -15 13,4 46,1 617,7
R134A 10 -15 16,8 46,1 774,5
CH2F2 10 -20 18,5 38,4 710,4
Ammonia 10 -20 24,4 38,4 937
R152A 10 -20 21,6 38,4 829,4
R1270A 10 -20 16,4 38,4 629,8
R134A 10 -20 20,6 38,4 791
CH2F2 10 -25 22,4 32,9 737
Ammonia 10 -25 29,5 32,9 970,6
R152A 10 -25 25,7 32,9 845,5
R1270A 10 -25 19,6 32,9 644,8
R134A 10 -25 24,6 32,9 809,3
CH2F2 10 -30 26,5 28,8 763,2
Ammonia 10 -30 34,9 28,8 1005,1
R152A 10 -30 30 28,8 864
R1270A 10 -30 22,9 28,8 659,5
R134A 10 -30 28,7 28,8 826,6
CH2F2 10 -40 35,5 23 816,5
Ammonia 10 -40 47 23 1081
R152A 10 -40 39,3 23 903,9
R1270A 10 -40 30 23 690
R134A 10 -40 37,5 23 862,5
CH2F2 10 -50 45,7 19,2 877,4
Ammonia 10 -50 61,2 19,2 1175
R152A 10 -50 49,5 19,2 950,4
R1270A 10 -50 37,9 19,2 727,7
R134A 10 -50 47,2 19,2 906,2
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Chart 20. Power consumed by refrigerants. Tsub= -2°C. 
Chart 21. Power consumed by refrigerants. Tsub= 1°C. 
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Chart 22. Power consumed by refrigerants. Tsub= 5°C. 
Chart 23. CH2F2 power consumption 
 
0
10
20
30
40
50
60
1 2 3 4 5
P
o
w
er
 (
kW
)
Refrigerant
Power consumed at Tsub=5°C
Tcond= -10°C
Tcond= -15°C
Tcond= -20°C
Tcond= -25°C
Tcond= -30°C
Tcond= -40°C
Tcond= -50°C
0
5
10
15
20
25
30
35
40
45
50
0 10 20 30 40 50 60 70
P
o
w
er
 (
kW
)
Temperature difference (°C)
Power vs. Temperature Difference - CH2F2
Tsub= -5°C
Tsub= -2°C
Tsub=1°C
Tsub=5°C
Tsub=10°C
Energetic optimization of lyophilisation 65 
 
 
Chart 24. How the type of refrigerant affects the power. Tsub= 5°C. 
Chart 25. How the type of refrigerant affects the power. Tsub= 10°C. 
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Chart 26. How the type of refrigerant affects the energy. Tsub= 1°C 
Chart 27. How the type of refrigerant affects the energy. Tsub= 5°C 
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Chart 28. How the type of refrigerant affects the energy. Tsub= 10°C 
Chart 29. How CH2F2 affects the energy. 
 
400
500
600
700
800
900
1000
1100
1200
1300
0 20 40 60 80
En
er
gy
 (
kW
h
)
Temperature Difference (°C)
Energy vs. Temperature Difference - Tsub= 
10°C
CH2F2
Ammonia
R152A
R1270A
R134A
500
550
600
650
700
750
800
850
900
950
1000
0 20 40 60 80
En
er
gy
 (
kW
h
)
Temperature Difference (°C)
Energy vs. Temperature Difference - CH2F2
Tsub= -5°C
Tsub= -2°C
Tsub=1°C
Tsub=5°C
Tsub=10°C
68 Larumbe Gonfaus, Marc 
Chart 30. How R1270A affects the energy. 
Chart 31. How R134A affects the energy. 
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APPENDIX 2: ASPEN SIMULATIONSSHORT 
DESCRIPTIVE TITLE 
Attached below is a brief summary of some simulations: 
Table 6. Brief summary of CH2F2. 
 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
4,42E-15
Vapor Vapor Liquid Mixed Vapor
12,8 12,8 -5 -40 -40
2,4 2,4 2,4 0,5 0,5
1 1 0 0,19 1
0 0 1 0,81 0
0 0 0 0 0
1 1 0 0,19 1
0 0 1 0,81 0
0 0 0 0 0
Molar Enthalpy cal/mol -214289,2 -214289,2 -219650,6 -219650,6 -215226,5
Mass Enthalpy cal/gm -2100,2 -2100,2 -2152,8 -2152,8 -2109,4
Molar Entropy cal/mol-K -57,9 -57,9 -77,9 -77,6 -58,6
Mass Entropy cal/gm-K -0,6 -0,6 -0,8 -0,8 -0,6
Molar Density mol/cc 0,0001 0,0001 0,01 0,0001 2,71E-05
Mass Density gm/cc 0,01 0,01 1,3 0,01 0,003
Enthalpy Flow cal/sec -1190495,6 -1190495,6 -1220281 -1220281 -1195702,6
Average MW 102 102 102 102 102
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 2040,6 2040,6 2040,6 2040,6 2040,6
Volume Flow l/min 3127,2 3127,2 25,9 2415,1 12310,3
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
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Table 7. Brief summary of CH2F2. 
 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
1,26E-15
Vapor Vapor Liquid Mixed Vapor
20,3 20,3 -5 -50 -50
2,4 2,4 2,4 0,3 0,3
1 1 0 0,24 1
0 0 1 0,76 0
0 0 0 0 0
1 1 0 0,24 1
0 0 1 0,76 0
0 0 0 0 0
Molar Enthalpy cal/mol -214133,1 -214133,1 -219650,6 -219650,6 -215396,2
Mass Enthalpy cal/gm -2098,7 -2098,7 -2152,8 -2152,8 -2111,1
Molar Entropy cal/mol-K -57,4 -57,4 -77,9 -77,4 58,3
Mass Entropy cal/gm-K -0,6 -0,6 -0,8 -0,8 -0,6
Molar Density mol/cc 0,0001 0,0001 0,01 6,73E-05 1,63E-05
Mass Density gm/cc 0,01 0,01 1,3 0,007 0,002
Enthalpy Flow cal/sec -1189628,3 -1189628,3 -1220281 -1220281 -1196645,3
Average MW 102 102 102 102 102
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 2040,6 2040,6 2040,6 2040,6 2040,6
Volume Flow l/min 3223,9 3223,9 25,9 4950,2 20512,4
Mass Solid Fraction
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
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Table 8. Brief summary of CH2F2. 
 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
4,42E-15
Vapor Vapor Liquid Mixed Vapor
17,2 17,2 -2 -40 -40
2,7 2,7 2,7 0,5 0,5
1 1 0 0,21 1
0 0 1 0,79 0
0 0 0 0 0
1 1 0 0,21 1
0 0 1 0,79 0
0 0 0 0 0
Molar Enthalpy cal/mol -214210,3 -214210,3 -219545,3 -219545,3 -215226,5
Mass Enthalpy cal/gm -2099,5 -2099,5 -2151,7 -2151,7 -2109,4
Molar Entropy cal/mol-K -57,9 -57,9 -77,5 -77,1 -58,6
Mass Entropy cal/gm-K -0,57 -0,57 -0,76 -0,76 -0,57
Molar Density mol/cc 0,0001 0,0001 0,01 0,0001 2,71E-05
Mass Density gm/cc 0,01 0,01 1,3 0,01 0,003
Enthalpy Flow cal/sec -1190057,4 -1190057,4 -1219696 -1219696 -1195702,6
Average MW 102 102 102 102 102
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 2040,6 2040,6 2040,6 2040,6 2040,6
Volume Flow l/min 2799 2799 26,1 2650,5 12310,3
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
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Table 9. Brief summary of CH2F2. 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
1,11E-15
Vapor Vapor Liquid Mixed Vapor
24,7 24,7 -2 -50 -50
2,7 2,7 2,7 0,3 0,3
1 1 0 0,26 1
0 0 1 0,74 0
0 0 0 0 0
1 1 0 0,26 1
0 0 1 0,74 0
0 0 0 0 0
Molar Enthalpy cal/mol -214052,7 -214052,7 -219545,3 -219545,3 -215396,2
Mass Enthalpy cal/gm -2097,9 -2097,9 -2151,7 -2151,7 -2111,1
Molar Entropy cal/mol-K -57,4 -57,4 -77,5 -76,9 -58,3
Mass Entropy cal/gm-K -0,6 -0,6 -0,8 -0,8 -0,6
Molar Density mol/cc 0,0001 0,0001 0,01 6,25E-05 1,63E-05
Mass Density gm/cc 0,01 0,01 1,3 0,006 0,002
Enthalpy Flow cal/sec -1189181,7 -1189181,7 -1219696 -1219696 -1196645,3
Average MW 102 102 102 102 102
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 2040,6 2040,6 2040,6 2040,6 2040,6
Volume Flow l/min 2885,4 2885,4 26,1 5331,6 20512,4
Mass Solid Fraction
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
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Table 10. Brief summary of Ammonia. 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
3,26E-15
Vapor Vapor Liquid Mixed Vapor
95 95 -5 -40 -40
3,6 3,6 3,6 0,7 0,7
1 1 0 0,11 1
0 0 1 0,89 0
0 0 0 0 0
1 1 0 0,11 1
0 0 1 0,89 0
0 0 0 0 0
Molar Enthalpy cal/mol -10385,4 -10385,4 -16599,5 -16599,5 -11515,8
Mass Enthalpy cal/gm -609,8 -609,8 -974,7 -974,7 -676,2
Molar Entropy cal/mol-K -24,3 -24,3 -47 -46,8 -25
Mass Entropy cal/gm-K -1,4 -1,4 -2,8 -2,8 -1,5
Molar Density mol/cc 0,0001 0,0001 0,04 0,0003 3,67E-05
Mass Density gm/cc 0,002 0,002 0,6 0,005 0,0006
Enthalpy Flow cal/sec -57696,6 -57696,6 -92219,5 -92219,5 -63976,6
Average MW 17 17 17 17 17
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 340,6 340,6 340,6 340,6 340,6
Volume Flow l/min 2818,2 2818,2 8,8 1037,1 9073,9
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
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Table 11. Brief summary of Ammonia. 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
4,09E-15
Vapor Vapor Liquid Mixed Vapor
134,6 134,6 -5 -50 -50
3,6 3,6 3,6 0,4 0,4
1 1 0 0,14 1
0 0 1 0,86 0
0 0 0 0 0
1 1 0 0,14 1
0 0 1 0,86 0
0 0 0 0 0
Molar Enthalpy cal/mol -10016,6 -10016,6 -16599,5 -16599,5 -11591,6
Mass Enthalpy cal/gm -588,2 -588,2 -974,7 -974,7 -680,6
Molar Entropy cal/mol-K -23,4 -23,4 -47 -46,6 -24,2
Mass Entropy cal/gm-K -1,3 -1,3 -2,8 -2,7 -1,4
Molar Density mol/cc 0,0001 0,0001 0,04 0,0002 2,17E-05
Mass Density gm/cc 0,002 0,002 0,6 0,003 0,0004
Enthalpy Flow cal/sec -55647,6 -55647,6 -92219,5 -92219,5 -64397,8
Average MW 17 17 17 17 17
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 340,6 340,6 340,6 340,6 340,6
Volume Flow l/min 3135,2 3135,2 8,8 2187,3 15394,9
Mass Solid Fraction
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
From
Stream Class
To
Maximum Relative Error
Phase
Temperature (°C)
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Table 12. Brief summary of Ammonia. 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
3,57E-15
Vapor Vapor Liquid Mixed Vapor
105,9 105,9 -2 -40 -40
4 4 4 0,7 0,7
1 1 0 0,12 1
0 0 1 0,88 0
0 0 0 0 0
1 1 0 0,12 1
0 0 1 0,88 0
0 0 0 0 0
Molar Enthalpy cal/mol -10289,4 -10289,4 -16543,2 -16543,2 -11515,8
Mass Enthalpy cal/gm -604,2 -604,2 -971,4 -971,4 -676,2
Molar Entropy cal/mol-K -24,3 -24,3 -46,8 -46,5 -25
Mass Entropy cal/gm-K -1,4 -1,4 -2,7 -2,7 -1,5
Molar Density mol/cc 0,0001 0,0001 0,04 0,0003 3,67E-05
Mass Density gm/cc 0,002 0,002 0,6 0,005 0,0006
Enthalpy Flow cal/sec -57163,4 -57163,4 -91908,5 -91908,5 -63976,6
Average MW 17 17 17 17 17
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 340,6 340,6 340,6 340,6 340,6
Volume Flow l/min 2589 2589 8,9 1134,4 9073,3
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
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Table 13. Brief summary of Ammonia. 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
3,99E-15
Vapor Vapor Liquid Mixed Vapor
146,1 146,1 -2 -50 -50
4 4 4 0,4 0,4
1 1 0 0,15 1
0 0 1 0,85 0
0 0 0 0 0
1 1 0 0,15 1
0 0 1 0,85 0
0 0 0 0 0
Molar Enthalpy cal/mol -9911,6 -9911,6 -16543,5 -16543,5 -11591,6
Mass Enthalpy cal/gm -582 -582 -971,4 -971,4 -680,6
Molar Entropy cal/mol-K -23,4 -23,4 -46,8 -46,4 -24,2
Mass Entropy cal/gm-K -1,4 -1,4 -2,7 -2,7 -1,4
Molar Density mol/cc 0,0001 0,0001 0,04 0,0001 2,17E-05
Mass Density gm/cc 0,002 0,002 0,6 0,002 0,0004
Enthalpy Flow cal/sec -55064,2 -55064,2 -91908,5 -91908,5 -64397,8
Average MW 17 17 17 17 17
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 340,6 340,6 340,6 340,6 340,6
Volume Flow l/min 2876,4 2876,4 8,9 2334,5 15354,9
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
Pressure (bars)
Molar Vapor Fraction
From
To
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Table 14. Brief summary of R152A. 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
4,24E-15
Vapor Vapor Liquid Mixed Vapor
26,6 26,6 -5 -40 -40
2,2 2,2 2,2 0,5 0,5
1 1 0 0,16 1
0 0 1 0,84 0
0 0 0 0 0
1 1 0 0,16 1
0 0 1 0,84 0
0 0 0 0 0
Molar Enthalpy cal/mol -118748,8 -118748,8 -124279,6 -124279,6 -119716
Mass Enthalpy cal/gm -1797,8 -1797,8 -1881,6 -1881,6 -1812,5
Molar Entropy cal/mol-K -47,7 -47,7 -68,2 -67,9 -48,3
Mass Entropy cal/gm-K -0,7 -0,7 -1 -1 -0,7
Molar Density mol/cc 9,20E-05 9,20E-05 0,01 0,0001 2,46E-05
Mass Density gm/cc 0,006 0,006 1 0,01 0,002
Enthalpy Flow cal/sec -659715,4 -659715,4 -690442,3 -690442,3 -665088,8
Average MW 66,1 66,1 66,1 66,1 66,1
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 1321 1321 1321 1321 1321
Volume Flow l/min 3623,3 3623,3 22,6 2245,4 13527,5
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
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Table 15. Brief summary of R152A. 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
1,29E-15
Vapor Vapor Liquid Mixed Vapor
38,9 38,9 -5 -50 -50
2,2 2,2 2,2 0,3 0,3
1 1 0 0,2 1
0 0 1 0,8 0
0 0 0 0 0
1 1 0 0,2 1
0 0 1 0,8 0
0 0 0 0 0
Molar Enthalpy cal/mol -118541,9 -118541,9 -124279,6 -124279,6 -119850,1
Mass Enthalpy cal/gm -1794,7 -1794,7 -1881,6 -1881,6 -1814,5
Molar Entropy cal/mol-K -47 -47 -68,2 -67,7 -47,9
Mass Entropy cal/gm-K -0,7 -0,7 -1 -1 -0,7
Molar Density mol/cc 8,80E-05 8,80E-05 0,01 7,11E-05 1,49E-05
Mass Density gm/cc 0,006 0,006 1 0,005 0,001
Enthalpy Flow cal/sec -658566 -658566 -690442,3 -690442,3 -665834
Average MW 66,1 66,1 66,1 66,1 66,1
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 1321 1321 1321 1321 1321
Volume Flow l/min 3789,5 3789,5 22,6 4686,7 22408,2
Mass Solid Fraction
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
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Table 16. Brief summary of R152A 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
4,24E-15
Vapor Vapor Liquid Mixed Vapor
32,4 32,4 -2 -40 -40
2,5 2,5 2,5 0,5 0,5
1 1 0 0,18 1
0 0 1 0,82 0
0 0 0 0 0
1 1 0 0,18 1
0 0 1 0,82 0
0 0 0 0 0
Molar Enthalpy cal/mol -118661 -118661 -124186,6 -124186,6 -119716
Mass Enthalpy cal/gm -1796,5 -1796,5 -1880,2 -1880,2 -1812,5
Molar Entropy cal/mol-K -47,6 -47,6 -67,8 -67,5 -48,3
Mass Entropy cal/gm-K -0,7 -0,7 -1 -1 -0,7
Molar Density mol/cc 0,0001 0,0001 0,01 0,0001 2,46E-05
Mass Density gm/cc 0,007 0,007 1 0,009 0,002
Enthalpy Flow cal/sec -659227,7 -659227,7 -689925,4 -689925,4 -665088,8
Average MW 66,1 66,1 66,1 66,1 66,1
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 1321 1321 1321 1321 1321
Volume Flow l/min 3239,5 3239,5 22,8 2475,2 13527,4998
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
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Table 17. Brief summary of R152A. 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
1,11E-15
Vapor Vapor Liquid Mixed Vapor
44,7 44,7 -2 -50 -50
2,5 2,5 2,5 0,3 0,3
1 1 0 0,22 1
0 0 1 0,78 0
0 0 0 0 0
1 1 0 0,22 1
0 0 1 0,78 0
0 0 0 0 0
Molar Enthalpy cal/mol -118451,2 -118451,2 -124186,6 -124186,6 -119850,1
Mass Enthalpy cal/gm -1793,3 -1793,3 -1880,2 -1880,2 -1814,5
Molar Entropy cal/mol-K -47 -47 -67,8 -67,3 -47,9
Mass Entropy cal/gm-K -0,7 -0,7 1 1 -0,7
Molar Density mol/cc 9,84E-05 9,84E-05 0,015 6,58E-05 1,49E-05
Mass Density gm/cc 0,007 0,007 1 0,004 0,001
Enthalpy Flow cal/sec -658062 -658062 -689925,4 -689925,4 -665834
Average MW 66,1 66,1 66,1 66,1 66,1
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 1321 1321 1321 1321 1321
Volume Flow l/min 3386,7 3386,7 22,8 5064 22408,2
Mass Solid Fraction
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
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Table 18. Brief summary of R1270A. 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
1,89E-16
Vapor Vapor Liquid Mixed Vapor
18,6 18,6 -5 -40 -40
5 5 5 1,4 1,4
1 1 0 0,18 1
0 0 1 0,82 0
0 0 0 0 0
1 1 0 0,18 1
0 0 1 0,82 0
0 0 0 0 0
Molar Enthalpy cal/mol 4605,8 4605,8 348 348 3858,5
Mass Enthalpy cal/gm 109,5 109,5 8,3 8,3 91,7
Molar Entropy cal/mol-K -37,8 -37,8 -53,6 -53,3 -38,3
Mass Entropy cal/gm-K -0,9 -0,9 -1,3 -1,3 -0,9
Molar Density mol/cc 0,0002 0,0002 0,01 0,0004 7,69E-05
Mass Density gm/cc 0,009 0,009 0,6 0,02 0,003
Enthalpy Flow cal/sec 25587,5 25587,5 1933,1 1933,1 21436,3
Average MW 42,1 42,1 42,1 42,1 42,1
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 841,6 841,6 841,6 841,6 841,6
Volume Flow l/min 1491,7 1491,7 25,4 807,5 4336,6
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
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Table 19. Brief summary of R1270A. 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
1,83E-15
Vapor Vapor Liquid Mixed Vapor
28 28 -5 -50 -50
5 5 5 0,9 0,9
1 1 0 0,23 1
0 0 1 0,77 0
0 0 0 0 0
1 1 0 0,23 1
0 0 1 0,77 0
0 0 0 0 0
Molar Enthalpy cal/mol 4756,7 4756,7 348 348 3746
Mass Enthalpy cal/gm 113 113 8,3 8,3 89
Molar Entropy cal/mol-K -37,2 -37,2 -53,6 -53,2 -37,9
Mass Entropy cal/gm-K -0,9 -0,9 -1,3 -1,3 -0,9
Molar Density mol/cc 0,0002 0,0002 0,01 0,0002 5,12E-05
Mass Density gm/cc 0,009 0,009 0,6 0,009 0,002
Enthalpy Flow cal/sec 26426,3 26426,3 1933,1 1933,1 20810,9
Average MW 42,1 42,1 42,1 42,1 42,1
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 841,6 841,6 841,6 841,6 841,6
Volume Flow l/min 1551,7 1551,7 25,4 1484,4 6504,3
Mass Solid Fraction
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
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Table 20. Brief summary of R1270A. 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
7,56E-12
Vapor Vapor Liquid Mixed Vapor
23,2 23,2 -2 -40 -40
5,5 5,5 5,5 1,4 1,4
1 1 0 0,2 1
0 0 1 0,8 0
0 0 0 0 0
1 1 0 0,2 1
0 0 1 0,8 0
0 0 0 0 0
Molar Enthalpy cal/mol 4665,9 4665,9 421,8 421,8 3858,5
Mass Enthalpy cal/gm 110,9 110,9 10 10 91,7
Molar Entropy cal/mol-K -37,7 -37,7 -53,3 -53 -38,3
Mass Entropy cal/gm-K -0,9 -0,9 -1,3 -1,3 -0,9
Molar Density mol/cc 0,0002 0,0002 0,01 0,0004 7,69E-05
Mass Density gm/cc 0,01 0,01 0,5 0,02 0,003
Enthalpy Flow cal/sec 25921,5 25921,5 2343,3 2343,3 21436,3
Average MW 42,1 42,1 42,1 42,1 42,1
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 841,6 841,6 841,6 841,6 841,6
Volume Flow l/min 1372,6 1372,6 25,6 881,6 4336,6
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
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Table 21. Brief summary of R1270A. 
 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
1,99E-15
Vapor Vapor Liquid Mixed Vapor
32,6 32,6 -2 -50 -50
5,5 5,5 5,5 0,9 0,9
1 1 0 0,24 1
0 0 1 0,76 0
0 0 0 0 0
1 1 0 0,24 1
0 0 1 0,76 0
0 0 0 0 0
Molar Enthalpy cal/mol 4818,5 4818,5 421,8 421,8 3746
Mass Enthalpy cal/gm 114,5 114,5 10 10 89
Molar Entropy cal/mol-K -37,2 -37,2 -53,3 -52,8 -37,9
Mass Entropy cal/gm-K -0,9 -0,9 -1,3 -1,3 -0,9
Molar Density mol/cc 0,0002 0,0002 0,01 0,0002 5,12E-05
Mass Density gm/cc 0,01 0,01 0,5 0,009 0,002
Enthalpy Flow cal/sec 26769,7 26769,7 2343,3 2343,3 20810,9
Average MW 42,1 42,1 42,1 42,1 42,1
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 841,6 841,6 841,6 841,6 841,6
Volume Flow l/min 1427,6 1427,6 25,6 1600,1 6504,3
Mass Solid Fraction
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
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Table 22. Brief summary of R134A. 
 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
4,42E-15
Vapor Vapor Liquid Mixed Vapor
12,8 12,8 -5 -40 -40
2,4 2,4 2,4 0,5 0,5
1 1 0 0,19 1
0 0 1 0,81 0
0 0 0 0 0
1 1 0 0,19 1
0 0 1 0,81 0
0 0 0 0 0
Molar Enthalpy cal/mol -214289,2 -214289,2 -219650,6 -219650,6 -215226,5
Mass Enthalpy cal/gm -2100,2 -2100,2 -2152,8 -2152,8 -2109,4
Molar Entropy cal/mol-K -57,9 -57,9 -77,9 -77,6 -58,6
Mass Entropy cal/gm-K -0,6 -0,6 -0,8 -0,8 -0,6
Molar Density mol/cc 0,0001 0,0001 0,01 0,0001 2,71E-05
Mass Density gm/cc 0,01 0,01 1,3 0,01 0,003
Enthalpy Flow cal/sec -1190495,6 -1190495,6 -1220281 -1220281 -1195702,6
Average MW 102 102 102 102 102
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 2040,6 2040,6 2040,6 2040,6 2040,6
Volume Flow l/min 3127,2 3127,2 25,9 2415,1 12310,3
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
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Table 23. Brief summary of R134A. 
 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
1,26E-15
Vapor Vapor Liquid Mixed Vapor
20,3 20,3 -5 -50 -50
2,4 2,4 2,4 0,3 0,3
1 1 0 0,24 1
0 0 1 0,76 0
0 0 0 0 0
1 1 0 0,24 1
0 0 1 0,76 0
0 0 0 0 0
Molar Enthalpy cal/mol -214133,1 -214133,1 -219650,6 -219650,6 -215396,2
Mass Enthalpy cal/gm -2098,7 -2098,7 -2152,8 -2152,8 -2111,1
Molar Entropy cal/mol-K -57,4 -57,4 -77,9 -77,4 58,3
Mass Entropy cal/gm-K -0,6 -0,6 -0,8 -0,8 -0,6
Molar Density mol/cc 0,0001 0,0001 0,01 6,73E-05 1,63E-05
Mass Density gm/cc 0,01 0,01 1,3 0,007 0,002
Enthalpy Flow cal/sec -1189628,3 -1189628,3 -1220281 -1220281 -1196645,3
Average MW 102 102 102 102 102
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 2040,6 2040,6 2040,6 2040,6 2040,6
Volume Flow l/min 3223,9 3223,9 25,9 4950,2 20512,4
Mass Solid Fraction
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
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Table 24. Brief summary of R134A. 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
4,42E-15
Vapor Vapor Liquid Mixed Vapor
17,2 17,2 -2 -40 -40
2,7 2,7 2,7 0,5 0,5
1 1 0 0,21 1
0 0 1 0,79 0
0 0 0 0 0
1 1 0 0,21 1
0 0 1 0,79 0
0 0 0 0 0
Molar Enthalpy cal/mol -214210,3 -214210,3 -219545,3 -219545,3 -215226,5
Mass Enthalpy cal/gm -2099,5 -2099,5 -2151,7 -2151,7 -2109,4
Molar Entropy cal/mol-K -57,9 -57,9 -77,5 -77,1 -58,6
Mass Entropy cal/gm-K -0,57 -0,57 -0,76 -0,76 -0,57
Molar Density mol/cc 0,0001 0,0001 0,01 0,0001 2,71E-05
Mass Density gm/cc 0,01 0,01 1,3 0,01 0,003
Enthalpy Flow cal/sec -1190057,4 -1190057,4 -1219696 -1219696 -1195702,6
Average MW 102 102 102 102 102
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 2040,6 2040,6 2040,6 2040,6 2040,6
Volume Flow l/min 2799 2799 26,1 2650,5 12310,3
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
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Table 25.  Brief summary of R134A. 
 
 
 
 
 
 
 
 
COMP REFRIG COND VALV EVAP
REFRIG COND VALV EVAP COMP
CONVEN CONVEN CONVEN CONVEN CONVEN
1,11E-15
Vapor Vapor Liquid Mixed Vapor
24,7 24,7 -2 -50 -50
2,7 2,7 2,7 0,3 0,3
1 1 0 0,26 1
0 0 1 0,74 0
0 0 0 0 0
1 1 0 0,26 1
0 0 1 0,74 0
0 0 0 0 0
Molar Enthalpy cal/mol -214052,7 -214052,7 -219545,3 -219545,3 -215396,2
Mass Enthalpy cal/gm -2097,9 -2097,9 -2151,7 -2151,7 -2111,1
Molar Entropy cal/mol-K -57,4 -57,4 -77,5 -76,9 -58,3
Mass Entropy cal/gm-K -0,6 -0,6 -0,8 -0,8 -0,6
Molar Density mol/cc 0,0001 0,0001 0,01 6,25E-05 1,63E-05
Mass Density gm/cc 0,01 0,01 1,3 0,006 0,002
Enthalpy Flow cal/sec -1189181,7 -1189181,7 -1219696 -1219696 -1196645,3
Average MW 102 102 102 102 102
Mole Flows kmol/hr 20 20 20 20 20
Mass Flows kg/hr 2040,6 2040,6 2040,6 2040,6 2040,6
Volume Flow l/min 2885,4 2885,4 26,1 5331,6 20512,4
Mass Solid Fraction
Pressure (bars)
Molar Vapor Fraction
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
From
To
Stream Class
Maximum Relative Error
Phase
Temperature (°C)
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Table 26. Different heats of a CH2F2 simulation. 
Table 27. Different heats of a CH2F2 simulation. 
 
 
 
 
 
 
 
 
 
 
 
Tsub (°C) Tcond (°C) Qcomp (kW) Qevap(kW) Qcond (kW) Qcomp+Qevap-Qcond (kW)
-5 -10 2,8 96,9 99,2 0,5
-5 -15 6 96,3 101,1 1,2
-5 -20 9,4 95,6 103,1 1,9
-5 -25 13 94,8 105,2 2,6
-5 -30 16,8 94,1 107,5 3,4
-5 -40 25,2 92,4 112,6 5
-5 -50 34,8 90,6 118,5 6,9
Tsub (°C) Tcond (°C) Qcomp (kW) Qevap(kW) Qcond (kW) Qcomp+Qevap-Qcond (kW)
-2 -10 5,5 112,1 116,5 1,1
-2 -15 9,1 110,1 117,5 1,7
-2 -20 12,9 108,2 118,6 2,5
-2 -25 16,8 106,3 119,8 3,3
-2 -30 20,9 104,4 121,1 4,2
-2 -40 29,5 100,5 124,1 5,9
-2 -50 39,1 96,5 127,8 7,8
